Bulk Cu foils have been synthesized via magnetron sputtering with an average twin spacing of 5 nm. Twin interfaces are of ͕111͖ type and normal to the growth direction. Growth twins with such high twin density and preferred orientation have never been observed in elemental metals. These Cu foils exhibited tensile strengths of 1.2 GPa, a factor of 3 higher than that reported earlier for nanocrystalline Cu, average uniform elongation of 1%-2%, and ductile dimple fracture surfaces. This work provides a route for the synthesis of ultrahigh-strength, ductile pure metals via control of twin spacing and twin orientation in vapor-deposited materials.
It is well known that the mechanical strength of metallic materials can be enhanced by confinement of dislocation activities with imperfections such as grain boundaries. For example, the strength of single-phase metallic materials with equiaxed grains can be increased by an order of magnitude or higher when their grain sizes are reduced from tens of micrometers to 10 nm. [1] [2] [3] [4] [5] [6] [7] [8] [9] However, the influence of twin interface on the mechanical strength of metallic materials with average twin spacing of 100 nm or less is largely unexplored. Recently, Lu et al. 10 and Shen et al. 11 reported high yield strength ͑900 MPa͒ and room temperature tensile ductility in electrodeposited Cu, with grain sizes varying from 100 to 1000 nm and an average grain size of 400 nm. 10, 11 Most grains contained growth twins with the twin lamellae thickness varying from several nanometers to 150 nm, with a peak in twin size distribution at 15 nm. 10, 11 The high strength was presumed to result primarily from twins that had a finer length scale as compared to grains. High density of twins has also been reported recently in electro-or vapor-deposited low-stacking fault energy alloys such as Ni-Co, Ni-Mn 12, 13 and austenitic stainless steels. 14, 15 However, processing routes to produce nanoscale growth twins in materials in a controlled manner have not been developed. Deliberate tailoring, via control of processing parameters, of the nanotwinned structures is needed to fully exploit the potential of twin interfaces in producing high-strength materials with room temperature tensile ductility. Specifically, this refers to the control of the thickness of the twin lamellae, spacing between adjacent twins and orientation of twin interfaces with respect to the growth direction. In this letter, we report on the production of preferred-oriented, nanotwinned structures in pure Cu via high-rate magnetron sputter deposition and the tensile properties of these nanotwinned Cu foils.
A Cu ͑99.999%͒ target was sputtered, using magnetron sputtering deposition technique, to produce 20 m thick Cu coatings on Si ͑100͒ with a native SiO 2 layer. The chamber was evacuated to a base pressure of ഛ5 ϫ 10 −8 torr prior to deposition. No heating or cooling was applied to the substrate during deposition. The deposition rate was varied in the range of 0.5-2.0 nm/ s by controlling the dc power to the magnetron gun. High resolution transmission electron microscopy ͑HRTEM͒ was performed on a JEOL 3000F microscope operated at 300 kV. The as-deposited Cu foils were peeled off from Si substrates and cut into dog-bone-shaped specimens using electrodischarge machining for tensile tests. The gauge length of the tensile specimen was 4 mm with a width of 2 mm. Uniaxial tensile tests were performed on a Tytron 250 microforce testing system ͑MTS͒ at a strain rate of 6 ϫ 10 −3 s −1 at room temperature. A MTS LX300 laser extensometer was used to calibrate and measure the sample strain upon loading. The fracture surfaces of tensile specimens were examined with a JEOL 6400F scanning electron microscope.
Transmission electron microscopy ͑TEM͒ was used to characterize the microstructure of the as-deposited Cu foils with 20 m total thickness. As shown in the cross-section TEM image in Fig. 1͑a͒ , Cu sputter-deposited at a rate of 1.8 nm/ s exhibits a ͕111͖ fiber texture along the growth direction and an average columnar grain size of 43 nm. The average columnar grain size of Cu varied from 43 to 80 nm with deposition rates from 1.8 to 3 nm/ s, respectively. Figure 1 also shows an extremely high density of planar defects within the columnar grains, observed at all deposition rates from to 0.5 to 3 nm/ s. HRTEM imaging ͓Fig. 1͑b͔͒ of these planar defects reveals these to be several ͕111͖ twin intera͒ Author to whom correspondence should be addressed; electronic mail: zhangx@tamu.edu faces separated by a few nanometers. The ͕111͖ diffraction spot splitting seen in the fast Fourier transform of the HRTEM image in Fig. 1͑b͒ is consistent with ͕111͖ twin interfaces. Most growth-twin interfaces are parallel to the film surface. Some planar faults were identified to be stacking faults. Statistical measurement of the twin thickness and spacing from several TEM images indicate that the average twin thickness is 4 nm, whereas the average spacing between adjacent twins is also on the same order, approximately 5 nm ͑Fig. 2͒. The narrow size distributions for both twin thickness and spacing are evident from Fig. 2 , with very few twins exceeding 10 nm dimensions.
Five uniaxial tensile tests were performed on freestanding 20 m thick Cu foils. The results were very reproducible, and a typical true-stress-true-total-strain curve is shown in Fig. 3 . A clear yield point is not observed in the stressstrain curves, so the yield strength was obtained as 0.2% offset to be 1.05 GPa, with an average value of 1.1 GPa estimated from five specimens. The elastic modulus is estimated to be approximately 110 GPa. Tensile strength, averaged over five tests, was 1.2 GPa and average true strain to failure was 2%. The hardness, as measured by nanoindentation, was 3.5 GPa and, following the Tabor relation, 16 approximately a factor of 3 higher than the tensile strength. The fracture surface of the Cu specimen shows typical ductile dimples as examined by SEM, shown in Fig. 4 . Most dimples have diameters of 1 m or less, much larger than the columnar grain diameters of 40-80 nm.
Room temperature tensile strengths reported for nc Cu are typically 400-500 MPa, with reported grain sizes ranging from 20 nm to greater than 100 nm. For inert gas condensed and compacted Cu, Sanders et al. 7 reported the highest tensile strength of 480 MPa for an average grain size of 22 nm by testing different samples with average grain sizes ranging from 16 to 110 nm, and Champion et al. 17 reported tensile strength of 400 for average grain size of 80 nm. For nc Cu produced by severe plastic deformation, Wang et al. 18 and Valiev et al. 19 reported tensile strength of 450-500 MPa for grain sizes Ͻ200 nm. The tensile strength of 1.2 GPa observed in the present investigation for an average columnar grain size of 43 nm is almost a factor of 3 higher than the highest tensile strength reported for nc-Cu, with the exception of the electrodeposited Cu with high twin density reported by Shen et al. 11 The yield strength of our sputtered Cu ͑1.1 GPa͒ is the highest among all elemental Cu reported to date. Since the average twin thickness and spacing of approximately 5 nm are an order of magnitude smaller than the grain size, we hypothesize that the strength of the sputterdeposited Cu is controlled predominantly by the nanoscale twins, with relatively minor contributions from grain size and grain orientation ͑texture͒. This is consistent with our molecular dynamics simulations, published elsewhere, 14, 15 that have shown that twin boundaries can act as effective barriers to slip transmission. A very high resolved shear stress of 1.7 GPa was needed in the 0 K simulation to transmit a single dislocation across twin interfaces in Ni constructed with embedded-atom-method potential. Besides the thickness of individual twins and spacing between twins, another important feature is the alignment of twin boundaries parallel to the tensile axis. Thus, macroscopic plastic deformation of the sample requires slip transmission across the 5 nm spaced twin boundaries for all active slip systems. The nanotwinned Cu foils, with yield strength in excess of 1 GPa, also exhibit 1%-2% uniform elongation at room temperature. Typically, for nc metals with grain sizes below Ϸ20 nm, insignificant tensile ductility is observed. Earlier reports of room-temperature tensile ductility in nc-Cu have been on materials with grain size of 200 nm or larger, 19 or bimodal grain size distribution with coarser grains on the order of micrometers 18 or very slow strain rate testing ͑10 −6 /s͒ of samples with 80 nm average grain size. 17 Our current results on sputter-deposited Cu are consistent with earlier work by Shen et al. 11 where room temperature tensile ductility was observed in electrodeposited Cu with a few tens of nanometers thick twins. As shown by molecular dynamics ͑MD͒ simulations, each slip transmission event across a twin interface leaves behind a large residual Burgers vector at the interface that repels the next slip event on the same slip plane leading to work hardening. Under uniaxial tensile loading, geometrical instability ͑necking͒ is predicted when flow stress exceeds the work hardening rate, so in very high strength materials, large uniform elongations in tension are not expected. Nevertheless, the ductile failure mode of nanotwinned Cu is evident from Fig. 4 .
The density of growth twins in sputter-deposited Cu may be interpreted in terms of a thermodynamic model developed for the formation of growth twins in sputter-deposited austenitic stainless steel thin films. 20 The model predicts that during vapor deposition twinned nuclei will form at rates comparable to defect-free nuclei if the free energy change from vapor to solid is comparable for the perfect and twinned nuclei. This happens when ͑i͒ the deposited material has low stacking fault and twin boundary energies, and ͑ii͒ the deposition rate is high. For Cu with a relatively low stacking fault energy of approximately 40 mJ/ m 2 , growth faults and twins are predicted to form at deposition rates of a nanometer/ second or higher at room temperature. At elevated temperatures, higher surface diffusion leads to a higher probability of achieving the correct crystallographic orientation or packing sequence during deposition, and thus, a suppression of growth twin formation. Manipulation of the process parameters ͑deposition rate and substrate temperature͒ and material properties ͑stacking fault energy͒ provides a way to control twin densities during physical vapor deposition. The preferred orientation of the twins is a consequence of columnar grain morphology with ͕111͖ fiber texture produced during low homologous temperature physical vapor deposition.
